Excess molar volumes and the deviations in molar refraction of the N-formylmorpholine (NFM) + methanol, methanol+benzene, NFM +benzene, NFM +toluene, methanol + toluene binary systems and also for the ternary systems of NFM + methanol + benzene and NFM + methanol + toluene have been determined at 298.15 K and at atmospheric pressure, by measuring densities and refractive indices over the entire range of composition. These derived data of binary and ternary mixtures were fitted to Redlich-Kister and Cibulka equations for the binary and ternary systems. The ternary data were also compared with the predicted values using the binary contribution models of Tsao-Smith, Kohler and Radojkovicˇ.
Introduction
The studies of liquid mixture behaviour of industrially important chemicals have generated considerable interest in recent years. Studies of the phase equilibrium behaviour and excess properties of liquid mixtures are of great importance for the design of separation processes and for theoretical understanding of the nature of molecular interactions [1] . While large numbers of phase equilibria and other mixture properties are available for binary mixtures, the excess properties of ternary mixtures, required to obtain insight into the nature and degree of interactions, are relatively unexplored. It is important to test methods of estimating excess properties of ternary mixtures from binary data [2] .
N-Formylmorpholine (NFM) is a highly polar and dense solvent with good stability as an extractive agent and has been successfully used in industry for the extraction and extractive distillation of pure monocyclic aromatic hydrocarbons from petroleum feedstock's [3] . This paper reports the measured densities and refractive indices as well as excess and derived properties of the ternary mixture for the ternary systems of NFM + methanol + benzene and NFM + methanol + toluene at 298.15 K and atmospheric pressure. The experimental results are used to calculate excess molar volumes, and refractive index deviations from the volume fraction average. The excess quantities of binary mixtures have been fitted to the Redlich-Kister equation to determine the coefficients. For correlating the ternary data, the Cibulka and Redlich-Kister equation were used. As far as we know, no ternary data are available for the mixtures investigated in the open literature.
Experimental

Materials:
NFM, (Fluka AG,Puriss.P.a), benzene, toluene and methanol were supplied from (Merck, mole fraction purity > 0.995). All chemicals were used without further purification but were kept over freshly activated molecular sieves of type 4A for several days before use. The purity of solvents was further ascertained by comparing their densities and refractive indices at a temperature of 298.15 K, and the results are generally in agreement with the corresponding values reported in the literature values [4] [5] [6] [7] [8] [9] [10] [11] as shown in Table 1 . All the mixtures were prepared by mass using an electronic balance (model GR-202R, AND, Japan) with a precision of ± 0.01 mg. The accuracy of the mole fraction was estimated to be ±(210 4 ). 1.4839 1.4837 (5) Benzene 0.87391 0.87360 (6) 0.87362 (7) 1.4980 1.4979 (8) Toluene 0.86201 0.86219 (6) 0.86231 (9) 1.4942 1.4941 (8) Methanol 0.78660 0.7864 (10) 0.7867 (11) 1.3266 1.3264 (5) 
Measurements:
The density measurements of the pure solvents and the mixtures were performed by means of an Anton Paar, model DMA 48, Graz, Austria with a precision of ±0.00005 g cm -3 at 298.15. The DMA cell was calibrated with dry air and deionized pure water at atmospheric pressure. The sample size was 0.70 cm 3 and the sample thermostat was controlled to ±0.01 K. The accuracy in density measurements was better than ±(110 2 ) kg.m 3 . Refractive indices values for the D-line were measured with a thermostated Abbe refractometer (Tefsa) with a precision of ±0.0001. The refractometer was calibrated using deionized water and toluene. A minimum of three independent readings were recorded for each composition. The refractive index values were ±(210 4 ). All measurements were performed in a thermostat maintained at ±0.05 K using a HAKKE-D1-G thermostat water bath.
Results and Discussion
Binary Systems:
The excess molar volumes (V E ) for the multicomponent mixtures and deviations in the refraction (R m ) of the mixtures were calculated using the following relations: Where and i represent the mole fraction and volume fraction of the pure component i, respectively; V and are the molar volume and molar refraction of the mixtures, respectively, and and the corresponding properties of the pure components. The molar refraction was calculated from the LorentzLorentz equation [12] .
The values of the excess molar volumes and the changes of refractive indexes on mixing, were fitted by the Redlich (5) Where n is the number of experimental data and m is the number of parameters.
In Table ( 5), the fitting parameters corresponding to Eq.(4) and the corresponding standard deviations are shown. The experimental densities, refractive indices, excess molar volumes, and the deviations in molar refraction at 298.15 K for the binary systems of the NFM + methanol, methanol + benzene, NFM +benzene, NFM + toluene, methanol + toluene are listed and plotted in Table ( 2) and Figs. (1 to 4) . It can be seen from Figs. (1, 2) that V E values for all binary mixtures over the whole composition range are negative.
It can be summarized that [15] V E values may be affected by two factors. The first factor is the physical intermolecular forces including electrostatic forces between charged particles and between permanent dipoles etc., induction forces between a permanent dipole and an induced dipole, and forces of attraction (dispersion forces) and repulsion between non polar molecules. Physical intermolecular forces are weak usually, and the sign of V E values may be positive or negative. The second factor is the structural characteristics of the components, arising from geometrical fitting of one component into the other's structure due to the differences in shape and size of components and free volume.
The V E values of methanol (1) + benzene (2) and methanol (1) + toluene (2) systems are very close to ideal behaviour. In contrast, the systems NFM (1) + benzene and NFM (1) + toluene (2) show relatively large negative deviations values. This suggest that the dipoleinduced-dipole interaction between the formyl group (NCHO) of NFM is greater than the dispersive and dipole-dipole interaction and leads to a slight increase in the attraction, giving negative V E values. The V E of the NFM (1) + methanol (2) system show negative values in the whole composition range. This may be due to the destroying self association in methanol and new hydrogen bonds between the carbonyl group of NFM which have oxygen and the hydrogen of methanol was formed.
Figs. (3, 4) show molar refraction deviations for the binary mixtures, plotted against the mole fraction together with the fitted curve, obtained from the Redlich-Kister equation. The R m data have negative deviations from the ideal solution for all binary system. That is because the molecular interactions between each component are not very strong in every binary and ternary system.
Ternary Systems:
The densities, refractive indices ,excess molar volumes, and the deviations in molar refraction at 298.15 K for the ternary systems of NFM (1) + methanol (2) + benzene (3) and NFM (1) + methanol (2) + toluene (3) are determined and listed in Tables (3) The unweighted least -squares method was used to fit the polynomial to the data. The parameters for fitting eqs. 6, 7 and the corresponding standard deviations obtained is given in Table (6) .
Excess molar volumes and the deviations in molar refraction for the ternary system were calculated using three conventional prediction models of Tsao-Smith [18] , Kohler [19] and Radojkovicˇ [17] . The expressions for these models are as follow: Tsao-Smith equation: In the Radojkovicˇ equation, the binary contribution Q ij is evaluated using directly the ternary mole fractions.
The standard deviations between our experimental ternary data and estimated values were determined from eq. 5, and the results are listed in Table (7) . The Kohler equation gave the closest estimation results to the experimental data with the standard deviations of (0.073 and 0.085) cm -3 mol -1 for the ternary V E of NFM (1) + methanol (2) + benzene (3) and NFM (1) + methanol (2) + toluene (3). The Radojkovicˇ equation also provides good results in the estimation of ternary V E ,and it gave the best results for the calculation of the ternary R m of NFM (1) + methanol (2) + benzene (3) and NFM (1) +methanol (2) + toluene (3) with the standard deviations of (0.020 and 0.008) cm 3 mol 1 , respectively.
Conclusions
Excess molar volumes and the deviations in molar refraction at 298.15 K were experimentally determined for the five binary systems of the NFM + methanol, methanol+benzene, NFM +benzene, NFM +toluene, methanol + toluene and also for the ternary systems of NFM + methanol + benzene and NFM + methanol + toluene. the binary and ternary V E values show negative deviations from ideal behaviour over the whole composition range. The R m data have negative deviations from the ideal solution. That is because the molecular interactions between each component are not very strong in every binary and ternary system. The binary and ternary V E and R m were correlated reliably with the Redlich-Kister equation, while the Cibulka equation was applied successfully for the ternary system. The experimental ternary V E and R m results were compared with the predicted values using binary contribution models. The Kohler and Radojkovicˇ equations provided the best results.
